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ABSTRACT 
The Space Power and Propuls ion  Sec t ion  has  been under c o n t r a c t  s i n c e  
A p r i l  29, 1965 t o  t h e  Nat iona l  Aeronautics and Space Adminis t ra t ion  f o r  t h e  
des ign ,  f a b r i c a t i o n ,  and t e s t i n g  of j ou rna l  bear ings  which posses charac te r -  
i s t ics  requ i r ed  f o r  use i n  space power systems. Requirements i nc lude  long 
term unattended ope ra t ion  under zero  "g" cond i t ions  us ing  low v i s c o s i t y  
l u b r i c a n t s  such as potassium a t  1200OF. 
The program r e p r e s e n t s  a cont inua t ion  o f  work c a r r i e d  out  under c o n t r a c t  
NAS 3-2111 and involves  t h e  t e s t i n g  and e v a l u a t i o n  of bear ings  under condi- 
t i o n s  of angular  and t r a n s v e r s e  l i n e a r  misalignment, and non-rigid bear ing  
suppor ts .  The four-pad pivot-pad and t h e  three-lobed j o u r n a l  bear ings  s h a l l  
be t e s t e d  a f t e r  t h e  bear ing  test assembly inc lud ing  in s t rumen ta t ion  have 
demonstrated t h e  a b i l i t y  t o  o b t a i n  t h e  r equ i r ed  d a t a .  
The program w i l l  be a con t inua t ion  o f  experimental  i n v e s t i g a t i o n s  
p a r a l l e l e d  by a n a l y t i c a l  s t u d i e s .  These a n a l y t i c a l  i n v e s t i g a t i o n s  w i l l  
compare t h e  phys ica l  t e s t i n g  of bear ing  parameters with r e s u l t s  based on 
t h e o r e t i c a l  assumptions. The goa l  o f  such experiments i s  t o  g e n e r a l i z e  t h e  
v a r i o u s  bea r ing  parameters thereby  extending t h e  use fu lness  of t h e  r e s u l t s  
as d e s i g n  t o o l s .  The experimental  t o o l  o f  t h i s  program i s  a h igh  speed 
test  assembly comprised of a r o t o r  and two tes t  bear ings  which permi ts  i n t e r - ,  
c h a n g e a b i l i t y  of bear ing  and r o t o r ,  The l u b r i c a n t  w i l l  be d i s t i l l e d  water, 
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temperature-controlled to simulate the kinematic viscosity of potassium. 
The stability behavior of the rotating shaft will be measured with non- 
contacting Bently inductance gages. 
The specific requirements of the system are: 
1. Shaft speed 
2. Inlet lubricant temperature 
3. Inlet lubricant supply pressure 
4. Bearing linear misalignment 
5 .  Bearing angular misalignment 
6. Nominal bearing diameter 
7. Bearing L/D ratio 
8. Diametral clearance 
3600 to 30,000 rpm 
70 to 150'F 
0 to 150 psia 
0 to 0.004 + 0.0005 in 






The program will be performed in two tasks, the first of which will be 
the modification of the existing bearing test assembly and instrumentation 
and a demonstration of the ability to obtain accurate data. Task I1 will 
involve testing and analysis of the four-pad pivot-pad and three-lobed 
bearings. 
The present report covers progress during the quarter ending July 29, 
1966. 
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During t h i s  q u a r t e r  t h e  f a b r i c a t i o n  of both t h e  t h r e e  ( 3 )  l obe  and s e l f -  
a l i g n i n g  pivoted pad bear ings  were completed. Del ivery of a po r t ion  of 
t h e  o p t i c a l  t o o l i n g  f o r  u t i l i z a t i o n  i n  bear ing  alignment w a s  made. Evo- 
l u t i o n  of t h e  des ign  and t e s t i n g  techniques f o r  t h e  p i e z o e l e c t r i c  fo rce  
t r ansduce r s  was continued. 
C a l i b r a t i o n  of  test hardware and its r e s p e c t i v e  read-out i n s t rumen ta t ion  
w a s  continued . 
The eva lua t ion  of t h e  displacement system w a s  continued with pre l iminary  
c a l i b r a t i o n  of t h e  Bently probes a t  an e l eva ted  temperature ,  which i s  
p r e s e n t l y  underway. I n  add i t ion ,  t h e  displacement sensor  summing c i r c u i t s  
c a l i b r a t i o n  i s  i n  progress .  
E f f o r t s  w e r e  i n i t i a t e d  and a r e  cont inuing t o  complete t h e  ex te rna l  
scanning network and t h e  s i g n a l  condi t ion ing  equipment. 
The h igh  frequency power supply s y s t e m  w a s  completed. Po r t ions  of 
t h e  test  f a c i l i t y  hardware were completed and i n t e g r a t i o n  of t h e s e  i n t o  an  
o p e r a t i o n a l  t e s t i n g  system w a s  continued. 
The program schedule  i s  shown i n  Figure 1. 
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FORECAST 
During t h e  forthcoming r e p o r t i n g  i n t e r i m ,  a c q u i s i t i o n  of t h e  requi red  
remaining hardware f o r  both t h e  test  r i g  and t h e  t e s t  f a c i l i t y  w i l l  be 
completed. C a l i b r a t i o n  and checkout of subassembl ies ,  bear ing  alignment 
hardware, readout c i r c u i t r y  and support ing equipment w i l l  be accomplished. 
Once completed, t h e  test r i g  w i l l  be checked-out using t h e  two a x i a l  groove 
c y l i n d r i c a l  bear ings.  
The next qua r t e r  should a l s o  y i e l d  an  ope ra t iona l  r o t o r  response and 
a d a t a  r educ t ion  program. A t e s t  p l an  and t h e  var ious  t e s t  parameters f o r  
t h e  i n i t i a l  two a x i a l  groove c y l i n d r i c a l  bear ing  t e s t s  w i l l  be completed. 
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I. MECHANICAL DESIGN 
During t h i s  q u a r t e r ,  t h e  manufacture of  t h e  t h r e e  (3) lobe  bear ings  
and t h e  components r equ i r ed  f o r  t h e  var ious  conf igu ra t ions  of t h e  s e l f -  
a l i g n i n g  pivoted pad bear ings  w a s  completed. A d e t a i l e d  technique f o r  
a l i g n i n g  t h e  two bear ing  s h a f t  system was i d e n t i f i e d .  E f f o r t s  t o  improve 
t h e  p i e z o e l e c t r i c  f o r c e  measuring sys t em n e c e s s i t a t e d  a d d i t i o n a l  hardware 
des ign  and f a b r i c a t i o n .  I n  add i t ion ,  c a l i b r a t i o n  of t h e  torque  s h a f t s  and 
torque  readout  w a s  completed. 
I 
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A.  SELF-ALIGNING PIVOTED PAD BEARING 
The des ign  of t h e  s e l f - a l i g n i n g  p ivoted  pad bea r ing  has  been modified 
t o  inco rpora t e  t h e  f i n a l - s e l e c t e d  pre load  cond i t ions  and t o  conform t o  
requirements of t e s t i n g  a pad loca ted  e c c e n t r i c  t o  t h e  center of t h e  
bear ings  i n  two d i f f e r e n t  p lanes ,  s ee  Figure 2.  Preload cond i t ions  along 




Diametral Clearance a t  
Min. Clearance Po in t  
0.005 inches  
0.003 inches  
The e c c e n t r i c a l l y  loca t ed  pad cond i t ion  w i l l  be accomplished us ing  
tapered  p ins .  
A l l  bea r ing  components have been completed and are dep ic t ed  i n  
Figures 3 , 4 , 5  & 6. R e s u l t s  from t h e  100 pe rcen t  i n s p e c t i o n  of a l l  
d e t a i l s  and manufacturing subassemblies i n d i c a t e  t h a t  drawing r e q u i r e -  
ments were f u l f i l l e d ,  Eeference F igure  7. 
B. THRSE (3)  LOBED BEARINGS 
The f a b r i c a t i o n  of a p a i r  of t h r e e  (3) lobed bea r ings  (Reference 1) 
has  been completed. See F igure  8. L i a i s o n  i n s p e c t i o n  was performed a t  
t h e  vendor ' s  f a c i l i t i e s  with both bea r ings  meeting des ign  requi rements .  
A summary of t h e  i n s p e c t i o n  p o i n t s  i s  shown i n  Table  11, while F igure  9 8c 10 
dep ic t  t h e  a c t u a l  i n s p e c t i o n  contour traces of t h e  I . D .  a s  r e fe renced  
t o  t h e  O.D. 
1 .  11 .E  N i c h o l s ,  R . J .  Rossbach, W.H. Bennethum, J . C .  Amos, and 
W.D.C ,  Richards: Hydrodynamic Journa l  Bearing Program, Q u a r t e r l y  Progress  
Report N O '  4 .  For Per iod:  January 29, 1966 Thru A p r i l  29,  1966, Cont rac t  
NAS 3-6479 
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C. FORCE MEASUREMENT HARDWARE 
The des ign  of new test  r i g  components i n  a d d i t i o n  t o  modi f ica t ion  
of e x i s t i n g  hardware necessary t o  incorpora te  t h e  Kistler Model 902A 
p i e z o e l e c t r i c  load  cel ls  i n t o  t h e  tes t  r i g  assembly w a s  completed, see 
Figure 11, (Reference 1). Spher ica l  washer assembles were added t o  
a l low self-al ignment  of  t h e  load c e l l s  with t h e  bear ing  housings.  The 
f a b r i c a t i o n  of new hardware and requi red  reworking of e x i s t i n g  components 
w e r e  completed, see Figure  12  - 17.  
S t a t i c  c a l i b r a t i o n  tests of t h e  p i e z o e l e c t r i c  load ce l l  instrumented 
bea r ing  housing subassemblies were i n i t i a t e d ,  Reference F igure  18. The 
o b j e c t i v e s  of t h e  tests were t o  check t h e  assembled e f f e c t i v e  s e n s i t i v i t y  
of t h e  load  cel ls  and t h e  e f f e c t s  of preload and s i d e  loading.  A 
d i scuss ion  of t h e  r e s u l t s  of t h e s e  p r e l i m i n a r y  i n v e s t i g a t i o n s  may be 
found i n  t h e  in s t rumen ta t ion  sec t ion  of t h i s  r e p o r t .  One r e s u l t  
i n d i c a t e d  t h a t  any two opposed preloaded load ce l l s  loca t ed  90 degrees  
from t h e  d i r e c t i o n  of loading  supported a po r t ion  of t h e  appl ied  loads .  
The amount of support  v a r r i e d  with t h e  preload app l i ed ,  t hus  causing 
changes i n  t h e  s e n s i t i v i t y  l e v e l s .  
Small AlS1-01 o i l  hardened p l a t e s  or d i s c s  were then  f a b r i c a t e d ,  
and t h e s e ,  a long  with tungs t en  carbide b a l l s  (3/8" diameter ) ,  were 
assembled 90 degrees  a p a r t ,  opposi te  two p i e z o e l e c t r i c  load cel ls  i n  
each p lane ,  r e p l a c i n g  two fo rce  t ransducers .  See F igure  19. The 
a d d i t i o n  of t h e  b a l l s  and p l a t e s  w i l l  reduce t h e  s i d e  r e s t r a i n t  t o  t h e  
d i r e c t i o n  of loading; t hus  permi t t ing  a s t a b l e  e f f e c t i v e  s e n s i t i v i t y  
l e v e l .  I n  a d d i t i o n ,  expandable arbor loading  t o o l i n g  was designed t o  
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ensure t h a t  t h e  i n n e r  bea r ing  housings cannot d i s t o r t  du r ing  t h e  c a l i b r a t i o n  
t e s t i n g .  The f a b r i c a t i o n  of t h e  loading  t o o l i n g  i s  underway wi th  t e s t i n g  
t o  be resumed subsequent t o  i t s  d e l i v e r y .  
D. OPTICAL TOOLING 
F a b r i c a t i o n  of t h e  t e l e scope  mounting assembly has  been completed, 
and i t ,  along with t h e  micro-alignment t e l e scope ,  r i g h t  angle  eyepiece ,  
and t h e  t e l e scope  lamphouse assembly were r ece ived  i n  a p a r t i a l  ship- 
ment of t h e  t o t a l  o rde r  (Reference 1 )  see Figures  20 & 21. Completion 
of t h e  remainder of t h e  o p t i c a l  equipment--two r e f l e c t i n g  t a r g e t  
assemblies,  i s  expected du r ing  t h e  l a t t e r  p o r t i o n  of August, Reference 
Figure 22.  Checkout of t h e  t e l e scope  assembly a t o p  t h e  modificd in -  
s t rumenta t ion  housing w a s  s u c c e s s f u l l y  completed, R e s u l t s  of exper i -  
mentation i n d i c a t e  t h a t  squareness  of t h e  a x i s  of t h e  t e l e s c o p e  t o  t h e  
plane of a r e f l e c t i n g  mi r ro r  and/or coincidence of t h e  c e n t e r l i n e  of 
t h e  t e l e scope  t o  t h e  c e n t e r  of a t a r g e t  can be r e a d i l y  obta ined  w i t h i n  
t h e  s p e c i f i e d  t o l e r a n c e s  i n  t h e  a b s t r a c t  o f  t h i s  r e p o r t .  
E. TORQUE READOUT SYSTEM CALIBRATION 
The checkout dev ice  f o r  c a l i b r a t i n g  t h e  to rque  readout  s y s t e m  was 
comprised of two-eighteen t o o t h  g e a r s  mounted on t h e  s h a f t  of t h e  tes t  
rig d r i v e  motor by means of a small s t u b  s h a f t .  Attached t o  t h e  d r i v e  
motor was t h e  modified in s t rumen ta t ion  housing con ta in ing  two magnetic 
speed pickups t h a t  sensed t h e  r o t a t i o n  of t h e  gea r s .  Ro ta t ion  of t h e  
two gea r s  was supp l i ed  by r o t a t i n g  t h e  r o t o r  of t h e  d r i v e  motor u s ing  
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a v a r i a b l e  speed e lec t r ic  motor through a b e l t  d r i v e  system. Th i s  
d r i v i n g  system w a s  u t i l i z e d  because t h e  h igh  frequency power supply 
necessary  t o  exci te  t h e  test r i g  d r ive  motor w a s  inoperable ,  see F i m r e  23. 
C a l i b r a t i o n  of both t h e  tes t  monitoring d i a l  and t h e  d i g i t a l  connection 
were performed by s e t t i n g  a r e l a t i v e  ang le  between t h e  two gears and 
r ead ing  t h e  output  v o l t a g e  of t h e  speed pickups whi le  vary ing  t h e  speed 
of t h e  s h a f t  system. The gap between t h e  circumference of t h e  gears  
and t h e  pickups w a s  set f o r  a maximum output  amplitude of 20 v o l t s  a t  
t h e  h i g h e s t  t e s t e d  speed. Th i s  i s  i n  accordance with t h e  inpu t  s i g n a l  
v o l t a g e  l e v e l  requirements of t h e  phase meter. A Fluke D i f f e r e n t i a l  
Voltmeter w a s  used t o  readout t h e  d i g i t a l  c i r c u i t y  whi le  t h e  readout 
d i a l  supp l i ed  with t h e  phase .meter was c a l i b r a t e d  f o r  v i s u a l  use 
' dur ing  t e s t i n g .  
F ive  angular r e l a t i o n s h i p s  of 2.75', 5', lo', 15' and 17.25' w e r e  
t e s t e d  over a speed range of 0 t o  16,665 rpm. The d a t a  t aken  dur ing  
t h e  va r ious  tests i s  l i s t e d  i n  Table 111, while t h e  r e s u l t i n g  curves 
are  shown i n  F igures  24-27. Values f o r  o p e r a t i o n  a t  30,000 rpm w e r e  
e x t r a p o l a t e d  from t h e  d a t a .  While t h e  vo l t age  l e v e l  decreases  as t h e  
speed w a s  i nc reased  f o r  a given angular s e t t i n g ,  t h e  r e s u l t s  were 
l i n e a r  i n d i c a t i n g  t h a t  t h e  30,000 rpm p ro jec t ed  d a t a  i s  v a l i d .  Based 
on t h e s e  tests curves f o r  vo l t age  versus s h a f t  speed were made f o r  
v a r i o u s  ang le s  and are shown i n  Figure 28. 
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F. CALIBRATION OF Q U I L L  SHAFTS 
The tes t  s e t u p  f o r  t h e  c a l i b r a t i o n  of t h e  s e l e c t e d  q u i l l  s h a f t s  i s  
depic ted  i n  F igures  29 & 30. Th i s  c a l i b r a t i o n  device  u t i l i z e s  both t h e  
hardware and t h e  technique f o r  l o c a t i n g  t h e  q u i l l  s h a f t s  t h a t  w i l l  be 
used du r ing  actual  performance t e s t i n g ,  Reference Figure 31. Each 
q u i l l  s h a f t  i s  he ld  i n  p o s i t i o n  by means of a locking  c o l l e c t  assembly 
on both t h e  d r i v e  motor and t h e  test s h a f t .  Two e igh teen  t o o t h  gears 
from which torque  w i l l  be determined are loca ted  one on t h e  hollow 
s h a f t  of t h e  d r i v e  motor and t h e  second on t h e  upper end of t h e  t e s t  
s h a f t .  The angular  r e l a t i o n s h i p  between t h e  two gears  i s  sensed by 
two magnetic speed pickups and i s  read  out  on both a phase meter and t h e  
d i g i t a l  r eco rd ing  sys t em.  
The a c t u a l  t o rque  c a l i b r a t i o n  of each bery l l ium copper q u i l l  s h a f t  
w a s  accomplished by hold ing  t h e  gear  mounted on t h e  test s h a f t  f i x e d .  
A l ength  of cord or w i r e  was then  f a s t ened  t o  t h e  o t h e r  gear  ( a t t ached  
t o  t h e  s h a f t  of t h e  d r i v e  motor) a t  a f i x e d  r a d i u s ,  from which va r ious  
weights were suspended, and to rque  measurements were made. A p o i n t e r  
a t t ached  t o  t h e  upper gear  ( d r i v e  motor) i n d i c a t e s  t h e  ze ro  degree 
p o s i t i o n  and a corresponding angular  s e t t i n g  for a given va lue  of 
t o r  que. 
C a l i b r a t i o n  procedure for e s t a b l i s h i n g  t h e  va r ious  " torque  Curves" 
(Reference F igures  29 and 30)was as fo l lows .  Zero p o s i t i o n  was found 
by loading and unloading t h e  s e t u p  n o t i n g  t h e  average no-load ze ro  
pos i t i on .  Various loads  w e r e  t hen  a p p l i e d  t o  t h e  end of t h e  cord and 
t h e  r e s u l t i n g  angle  noted by ave rag ing  t h e  measured cord l e n g t h s .  The 
zero  p o s i t i o n  was rechecked between each load  whi le  both i n c r e a s i n g  
and decreas ing  t h e  v a r i o u s  weights.  Each p o i n t  w a s  checked s e v e r a l  
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t i m e s  p r i o r  t o  f i x i n g  t h e  angular  s e t t i n g  f o r  a given value of torque.  
Figures  32 t o  37 a r e  t h e  r e s u l t i n g  angle of t w i s t  versus  appl ied  torque  
curves.  
Two d i f f e r e n t  s i z e s  of q u i l l  s h a f t s  w e r e  c a l i b r a t e d  with a l l  s h a f t s  
being f a b r i c a t e d ,  hea t - t r ea t ed  and aged from t h e  same material l o t  
and i n  an i d e n t i c a l  manner. The diameters s e l e c t e d  f o r  use were 0.125 
inch and t h e  0.188 inch.  Each sha f t  i s  made of beryl l ium copper which 
has been processed t o  a hardened condi t ion  of RC 41. 
To ta l  maximum e r r o r  a s soc ia t ed  w i t h  a given torque value i s  + 0.15  - 
in-# (Square r o o t  of t h e  sum of t h e  squares)  or 4.757%. 
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I I.  INSTRUMENTATION 
A. DISPLACEMENT MEASURING SYSTEM 
The e v a l u a t i o n  of a r e c e n t l y  developed displacement s y s t e m  (Bently 
Nevada 306 series probe and 4000 series d e t e c t o r )  w a s  conducted wi th  t h e  
hope t h a t  i t  would minimize t h e  problems caused by the  presence of water 
a s s o c i a t e d  with t h e  e x i s t i n g  displacement t r ansduce r s  (Bently Nevada 
D152 and D252R d e t e c t o r  d r i v e r  c i r c u i t s  and H 1084 probes).  I n i t i a l  
tests were conducted us ing  a s i n g l e  displacement probe mounted oppos i t e  
a s t a t i o n a r y  s i l v e r  p l a t e d  tes t  s h a f t  segment i n  t h e  appara tus  shown i n  
F igure  38. The s e n s i t i v i t y  of t h e  4000 series d e t e c t o r  d r i v e r  and 306 
series probe t o  water could no t  be reduced t o  an  i n s i g n i f i c a n t  l e v e l .  
Subsequent tests were conducted on t h e  premises of Bently Nevada Cor- 
p o r a t i o n  i n  an a t tempt  t o  improve the  measuring system performance. I t  
w a s  p o s s i b l e  t o  make t h e  measuring system completely i n s e n s i t i v e  t o  t h e  
presence  o f  w a t e r  by c a r e f u l  t u n i n g  o f  t h e  de t ec to r -d r ive r  c i r c u i t .  
Unfor tuna te ly  t h e  i n s e n s i t i v i t y  t o  water w a s  v a l i d  f o r  on ly  one s p e c i f i c  
p o i n t  on t h e  c a l i b r a t i o n  curve (output vs .  d i s t a n c e )  - t h e  po in t  a t  
which t h e  output -d is tance  l i n e  dry  c rossed  t h e  output -d is tance  l i n e  
w e t .  S ince  t h e  purpose of t h e  measuring system i s  t o  measure a range 
of d i sp lacements  i t  i s  not  p o s s i b l e  t o  o p e r a t e  a t  one probe-to-shaft 
gap d i s t a n c e  and i t  i s  not  p o s s i b l e  t o  make t h e  new system i n s e n s i t i v e  
t o  water over a range of probe-to-shaft gap s e t t i n g s .  Addi t iona l  
tes ts  were conducted t o  compare t h e  o v e r a l l  performance of t h e  new 
d e t e c t o r  d r i v e r  probe system wi th  the  e x i s t i n g  system. I t  should be 
noted  t h a t  t h e  o r i g i n a l  H1084 probes had been modified by t h e  i n s t a l l a t i o n  
o f  a t e f l o n  cap over t h e  probe end t o  keep t h e  water away from t h e  probe. 
-9- 
I t  was found t h a t  t h e  H1084 probes and D152 d e t e c t o r  d r i v e r  performed 
considerably b e t t e r  t han  d i d  t h e  ,4000-series d e t e c t o r  and 306-ser ies  
d r i v e r  eva lua t ion  u n i t  over  t h e  range of gap s e t t i n g s  expected du r ing  
test opera t ion .  S e n s i t i v i t y  t o  water f o r  a f i x e d  gap s e t t i n g  f o r  t h e  
H1084 probe measuring system has been r e p o r t e d  (Apr i l  1966 Q u a r t e r l y ) .  
Water s e n s i t i v i t y  a s  a func t ion  of  probe-to-shaf t  gap f o r  a t y p i c a l  
probe i s  shown i n  Table  I V .  A s  t h e  gap v a r i e s  from 6 t o  14 m i l s ,  t h e  
e r r o r  v a r i e s  from 6.2 t o  71.2 microinches.  For a probe p a i r  t h e  two 
e r r o r s  a r e  s u b t r a c t a t i v e .  During t e s t i n g ,  t h e  nominal probe-to-shaft  
gap i s  0.010 i n .  
After i t  had been determined t h a t  t h e  modified ( t e f l o n  capped 
probe H1084 - D152 and D252R d e t e c t o r  d r i v e r s )  measuring s y s t e m  w a s  t h e  
bes t  a v a i l a b l e ,  t h e  s t a t i c  c a l i b r a t i o n  of  t h e  displacement  sensor  w a s  
i n i t i a t e d .  The purpose of t h e  s t a t i c  c a l i b r a t i o n  was t o  determine t h e  
r e l a t i o n s h i p  between probe-to-shaft  gap and measuring system output .  
The f irst  s t e p  i n  t h e  s t a t i c  c a l i b r a t i o n  of  t h e  1 6  Bent ly  d i s -  
placement probes was t o  set t h e  s e n s i t i v i t y  of each d e t e c t o r - d r i v e r  
assembly. From an  opposed p a i r  of  probes t h e  optimum detec tor -dr iven  
assembly s e n s i t i v i t y  (based upon ou tpu t  v o l t a g e  s t a b i l i t y )  of one 
probe w a s  se t  by v a r i a t i o n  of the  s c a l e - f a c t o r  po ten t iometer .  The 
de tec tor -dr iven  s e n s i t i v i t y  o f  t h e  o t h e r  probe was a d j u s t e d  t o  g ive  
t h e  same s e n s i t i v i t y  (oppos i t e  p o l a r i t y ) .  Following t h e s e  ad jus tments ,  
t h e  sca l e - f ac to r  po ten t iometers  w e r e  s e a l e d  t o  prevent  a d d i c e n t a l  movement. 
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The next s t e p  i n  t h e  s t a t i c  c a l i b r a t i o n  of t h e  Bently displacement 
probes w a s  c a r r i e d  ou t  u s ing  a micrometer-posit ioning s t a g e  with a 
probe holder  assembly mounted o n  i t  shown i n  F igure  29. Two E l e c t r o j e t  
micrometer con tac t ing  probes (Spring-loaded l i n e a r -  va r i ab le -  d i f f e r e n t i a l -  
t ransformer  dev ices  manufactured by S h e f f i e l d  Corp., Dayton, Ohio) 
w e r e  mounted on e i t h e r  s i d e  of t h e  Bently probe i n  t h e  probe holder  
assembly (a l though t h e  photograph was t aken  wi th  only  one probe i n s t a l l e d )  
and w e r e  used t o  measure t h e  r e l a t i v e  movement between t h e  probe 
ho lde r  assembly and a test s h a f t  having a s i l v e r  p l a t e d  r i n g  around t h e  
pe r iphe ry .  The Bently probe w a s  centered ad jacen t  t o  t h e  p l a t e d  r i n g ;  
t h e  E l e c t r o j e t  probes contac ted  t h e  s h a f t  on e i t h e r  s i d e  of t h e  p l a t i n g .  
Two E l e c t r o j e t  probes were used t o  cover a t o t a l  movement of - + 4 
m i l s  from a nominal shaft-to-probe c l ea rance  of 10 m i l s  i n  o rde r  t o  
ach ieve  maximum accuracy. Each E l e c t r o j e t  probe was ad jus t ed  t o  provide 
an ou tpu t  of 0 . 1  m i l  inches  per  scale d i v i s i o n  with a t o t a l  f u l l  s c a l e  
d e f l e c t i o n  of 4 m i l s .  The E l e c t r o j e t  probes were r epea ted ly  c a l i b r a t e d  
wi th  a gage c a l i b r a t o r  ( a l s o  manufactured by S h e f f i e l d  Corp.) with an 
a b s o l u t e  accuracy of + 0.02 m i l s ,  t r a c e a b l e  t o  Nat iona l  Bureau Standards ,  
( s e e  F igure  40) .  Bently measuring s y s t e m  output  l e v e l  was measured wi th  
a d i f f e r e n t i a l  v o l t  meter (Fluke Model 871A with an abso lu te  accuracy 
of - + 0.03% of r ead ing  +10 microvol t s  and a r e s o l u t i o n  of 10 mic rovo l t s ) .  
D.C. v o l t a g e  w a s  supp l i ed  t o  t h e  Bently de t ec to r -d r ive r  c i r c u i t s  by a 
Har r i son  Laboratory model 802B power supply a t  a nominal l e v e l  of 17.5 v o l t s  
- 
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The next s t e p  i n  t h e  s t a t i c  c a l i b r a t i o n  of t h e  Bently displacement 
probes w a s  c a r r i e d  out  u s ing  a micrometer-posit ioning s t a g e  wi th  a 
probe holder  assembly mounted on it shown i n  F igure  39. Two E l e c t r o j e t  
micrometer con tac t ing  probes (Spring-loaded l i n e a r -  va r i ab le -  d i f f e r e n t i a l -  
transformer devices  manufactured by S h e f f i e l d  Corp., Dayton, Ohio) 
were mounted on e i t h e r  s i d e  of t h e  Bently probe i n  t h e  probe ho lde r  
assembly and were used t o  measure t h e  r e l a t i v e  movement between t h e  probe 
holder assembly and a test  s h a f t  having a s i l v e r  p l a t e d  r i n g  around t h e  
periphery.  The Bently probe was centered  ad jacen t  t o  t h e  p l a t e d  r i n g ;  
t h e  E l e c t r o j e t  probes contac ted  t h e  s h a f t  on e i t h e r  s i d e  of t h e  p l a t i n g .  
Two E l e c t r o j e t  probes were used t o  cover a t o t a l  movement of + 4 - 
m i l s  from a nominal shaft-to-probe clearance of 10 m i l s  i n  o r d e r  t o  
achieve maximum accuracy. Each E l e c t r o j e t  probe w a s  a d j u s t e d  t o  provide 
an output of 0.1 m i 1  i nches  pe r  scale d i v i s i o n  wi th  a t o t a l  f u l l  scale 
d e f l e c t i o n  of 4 m i l s ,  The E l e c t r o j e t  probes w e r e  r e p e a t e d l y  c a l i b r a t e d  
with a gage c a l i b r a t o r  ( a l s o  manufactured by S h e f f i e l d  Corp.) with an 
abso lu te  accuracy of + 0.02 m i l s  t r a c e a b l e  t o  Nat iona l  Bureau Standards ,  
( s e e  Figure 4 0 ) .  Bently measuring s y s t e m  ou tpu t  l e v e l  was measured with 
a d i f f e r e n t i a l  v o l t  meter (Fluke Model 871A wi th  an  o b s o l u t e  accuracy 
of + 0.03% of r ead ing  +10 microvol t s  and a r e s o l u t i o n  of 10 microvolts) .  
D.C. vo l t age  w a s  supp l i ed  t o  t h e  Bent ly  d e t e c t o r - d r i v e r  c i r c u i t s  by a 




v o l t s .  Actual l e v e l  w a s  measured and 
w a s  c o n t r o l l e d  by a i r  condi t ion ing  t o  
The i n i t i a l  zero  p o s i t i o n  of t he  
recorded. The room temperature  
77 + 2 O F .  - 
Bently probe w a s  e s t a b l i s h e d  by 
moving t h e  pos i t i on ing  s t a g e  u n t i l  the  t e f l o n  cap on t h e  Bently probe 
touched t h e  s i l v e r  p l a t i n g .  
o f f  t h e  pos i t i on ing  stage 10 m i l s  and c a l i b r a t i o n  w a s  conducted from 
t h i s  po in t  with t h e  E l e c t r o j e t  probes. The abso lu te  accuracy of t h e  
"nominal" i s  l imi t ed  by t h e  determinat ion of t h e  zero gap p o s i t i o n  
( i n i t i a t i o n ' o f  con tac t  between t h e  t e f l o n  cap and t h e  s h a f t  s u r f a c e ) ,  
t h e  b a s i c  accuracy of t h e  micrometer used with t h e  p o s i t i o n i n g  s t a g e  
and t h e  r e l a t i v e  p o s i t i o n  of t h e  t e f l o n  cap on t h e  probe. The t o t a l  
inaccuracy of a l l  f a c t o r s  cou ld<poss ib ly  add up t o  &n:ercoy of 1 m i l .  
However, t h e  absolu te  accuracy of t he  "nominal gap" s e t t i n g  i s  not impor- 
t a n t  because t h e  "nominal gap" i s  get  by measuring s y s t e m  output  vo l tage  
dur ing  assembly of t h e  tes t  r ig .  
The "nominal gap" w a s  ob ta ined  by backing 
Table  V i s  a condensation of the  r e s u l t s  of t h e  s t a t i c  c a l i b r a t i o n  
d i scussed  above. Because of t h e  s u b t r a c t a t i v e  na tu re  of t h e  w a t e r  
s e n s i t i v i t y  e r r o r s  when cons ider ing  an opposed p a i r  of probes,  t h e  ne t  
e r r o r s  shown i n  t h e  l a s t  column are always smaller than  f o r  a probe 
a lone ,  see Table IV.  The ne t  e r r o r s  due t o  water condhct i tk ty  f o r  t he  
e i g h t  p a i r s  of probes v a r i e s  from 4 .8  t o  28.4 microinches.with each probe 
gap a t  0.010 i n . ,  some p lus  and some minus. 
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An attempt a t  determining t h e  s e n s i t i v i t y  of t h e  displacement 
measuring system t o  probe temperature w a s  made so  t h a t  t h e  r e l a t i v e  
importance of conducting a s t a t i c  c a l i b r a t i o n  wi th  t h e  probes a t  t e m -  
pe ra tu re  could be determined. The pre l iminary  test  w a s  conducted 
us ing  t h e  same s t a t i c  c a l i b r a t i o n  appara tus  descr ibed  above. 
probe tempera tures  were set by wrapping t h e  probe ho lde r  with 0.040 
inch  diamgber sheathed thermocouple w i r e  and pass ing  c u r r e n t  through them. 
The r e s u l t s  showed s u f f i c i e n t  i n d i c a t i o n  of a r e l a t i v e l y  s i g n i f i c a n t  
s h i f t  i n  c a l i b r a t i o n  as a f u n c t i o n  of tempera ture  t o  warrant t h e  making 
o f  an environmental chamber capable of housing t h e  complete s t a t i c  
c a l i b r a t i o n  appara tus  as shown i n  F igure  41. The w a i k l s  of t h e  chamber 
were made from a r e l a y  rack  and l i n e d  wi th  i n s u l a t i o n .  The suppor t  
f o r  t h e  bench c e n t e r s  w a s  r e s t e d  on top  of a p i ece  of 0.5-inch t h i c k  
aluminum p l a t e .  A sheathed h e a t i n g  element w a s  clamped t o  t h e  lower 
s u r f a c e  of t h i s  p l a t e .  A t empera ture  c o n t r o l  c i r c u i t  c o n s i s t i n g  of 
an  o p t i c a l  meter r e l a y  with a s i n g l e  set po in t  w a s  assembled. Power 
t o  t h e  main h e a t i n g  element w a s  t u rned  on and o f f  by t h e  meter r e l a y  
ope ra t ing  through a power r e l a y  and an auto- t ransformer .  
l oca t ed  i n s i d e  t h e  chamber a t t a c h e d  t o  t h e  micrometer p o s i t i o n i n g  s t a g e  
w a s  connected t o  t h e  meter r e l a y .  A second thermocouple w a s  used t o  
monitor temperatures and showed t h a t  a tempera ture  of 120 2 5'F 
could be he ld  over any 24 hour pe r iod .  Eleva ted  tempera ture  c a l i b r a t i o n  
of t h e  displacement s enso r s  had no t  been completed a t  t h e  t e rmina t ion  




B. Force Measurements 
A dec i s ion  had been made t o  switch from s t ra in-gage  f o r c e  but tons  
t o  p i e z o e l e c t r i c  load  ce l l s  due t o  the  i n a b i l i t y  of t h e  s t r a i n  gage 
type  t o  cover t h e  r equ i r ed  speed range. (The system would have a 
resonant  frequency between 300-400 cps due t o  t h e  low s t i f f n e s s  of 
t h e  s t ra in-gage  f o r c e  buttons, 'which is about 60,QOO l b / i n  fo r  each b u t t o n . )  
The load cel ls  purchased fox' t h i s  applIcation,wer;e KistLer Model 902A 
which .have t h e  fo l lowing  s i g n i f i c a n t  c h a r a c t e r i s t i c s :  
6 
S t i f f n e s s :  16.7 x 10 lb . / i n .  
Charge S e n s i t i v i t y :  18 + 2 pcb/ lb  
Resonant Frequency: 50 KC 
S i z e  : O.D.: 0.87 in .  
I .D. :  0.41 in .  
Height:  0.39 
Range: 0 - 8000 lb .  
- 
These t r ansduce r s  c o n s i s t  o f  a q u a r t z  element he rme t i ca l ly  sea l ed  
i n  a s ta inless  steel  can sandwiched between two washers which d i s t r i b u t e  
t h e  load  evenly and which are s t r u c t u a l l y  p a r t  of t h e  can. The output  
s i g n a l  i s  brought ou t  through a coaxia l  connector l oca t ed  on t h e  s i d e  of 
t h e  load  ce l l  and s e a l e d  a g a i n s t  water p e n e t r a t i o n  with a combination of 
s h r i n k a b l e  tub ing  and RTV s i l i cone  rubber .  (This method<wa!: recommended 
by K i s t l e r  Instrument Cbi-poration on t h e  b a s i s  of e f f e c t i v e n e s s  i n  
s imi l a r  a p p l i c a t i o n s . )  
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When used with a s u i t a b l e  charge ampl i f i e r  i t  i s  p o s s i b l e  t o  achieve 
accura te  load measurements over  a s m a l l  f r a c t i o n  of o r  t h e  e n t i r e  f u l l  
s c a l e  range. For example, wi th  a K i s t l e r  504 charge a m p l i f i e r  i t  is  
poss ib l e  t o  g e t  s e n s i t i v i t i e s  as h igh  as 10 v o l t s  per  pound and s t i l l  
be ab le  t o  measure an 8000 l b .  change i n  load by swi tch ing  t o  a lower 
s e n s i t i v i t y  (10 v o l t s  ou tput  i s  maximum). Although p i e z o e l e c t r i c  load  
cel ls  are usua l ly  considered t o  be dynamic ins t ruments  unsu i t ab le  f o r  
s t a t i c  measurements, t he  development of t h e  F i e l d  E f f e c t  T r a n s i s t o r  has 
made it poss ib l e  t o  use  them f o r  s t a t i c  measurements. Theioharge 
ampl i f i e r  can maintain a given charge s i g n a l  f o r  a reaslonabily l o n g ' t i m e  
per iod by maintaining a h igh  input  impedance so t h a t  t h e  charge w i l l  
not  leak  o f f .  For example, i n  t h e  case of t h e  504 charge a m p l i f i e r  t h e  
input  impedance i s  1014 ohms and t h e  t i m e  c o n s t a i n t  i s  5000 seconds f o r  
a t y p i c a l  range s e t t i n g  ( long  t i m e  cons tan t  mode). 
The des ign  of t h e  t es t  f a c i l i t y  inc luded  p rov i s ion  f o r  f o u r  (4 )  
load ce l l s  per  i n s t rumen ta t ion  p lane  spaced a t  90° increments  around t h e  
circumference.  T h i s  des ign  r e s u l t e d  i n  p a i r s  of gages sens ing  the  same 
load. It is p o s s i b l e  t o  o b t a i n  t h e  d e s i r e d  dynamic f o r c e  v e c t o r  by 
measuring only one of each p a i r  of load  cel ls .  The o t h e r  one w a s  t o  
se rve  as a matching s p r i n g  and makes t h e  c a l c u l a t i o n  of dynamic f o r c e  
poss ib l e  without t h e  n e c e s s i t y  of a n  in-place c a l i b r a t i o n .  Unfor tuna te ly ,  
t h e  manufacturer w a s  not  a b l e  t o  guarantee  t h a t  t h e  s t i f f n e s s  of any 
given p a i r  of load ce l l s  would be c l o s e r  t han  3%* The problem of a c u t a l l y  
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measuring t h e  s t i f f n e s s  i s  a formidable one and w a s  bypassed by e s t ab -  
l i s h i n g  a method of in-place c a l i b r a t i o n .  Th i s  cons i s t ed  of assembling 
t h e  ind iv idua l  bear ing  housings and hanging dead weights from a s imulated 
s h a f t  supported by the  inner  bear ing housing. The resul ts  of t h e  in -  
p l ace  c a l i b r a t i o n  would provide t h e  r a t i o  between t h e  measured f o r c e  a t  
t h e  active load cell  and t h e  load  appl ied  a t  t h e  s h a f t .  This  number 
would not r e q u i r e  a knowledge of t he  s t i f f n e s s  of t h e  opposed load cell.  
The o r i g i n a l  c a l i b r a t i o n  curves suppl ied  by Kist ler  cons i s t ed  of 
a p l o t  of charge versus  appl ied  load over a 0-6000 pound range. 
Typically,  a l l  p o i n t s  f e l l  wi th in  a 9% ( s lope )  tolerancte band of a bes t  
s t r a i g h t  l i n e  pass ing  through ze ro ,  The g r e a t e s t  dev ia t ion  d id  occur 
a t  loads  l e s s  t han  500 l b s .  I f  t hese  po in t s  a r e  excluded t h e  c a l i b r a t i o n  
curve t o l e r a n c e  ( s lope )  i s  wi th in  a 5% band over t h e  e n t i r e  0-6000 l b .  
range.  Kis t ler  d id  re run  the  c a l i b r a t i o n  curves over a 0-600 l b .  range 
so t h a t  t h e  load cells could be used at t h e  10w.end of t h e i r  range with 
a more p r e c i s e  knowledge of s e n s i t i v i t y  ( c a l i b r a t i o n  curve s lope)  f o r  
any g iven  load.  A 200 l b .  span from any area of a t y p i c a l  c a l i b r a t i o n  
curve (above 500 l b s . )  w i l l  have a l l  p o i n t s  wi th in  a 1% (s lope )  t o l e r a n c e  
band. 
I n i t i a l  a t tempts  t o  c a l i b r a t e  t h e  load c e l l s  i n  t h e  assembled lower 
bea r ing  housing ind ica t ed  the  presence of s e v e r a l  s i g n i f i c a n t  e f f e c t s .  
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1. The load  cells are s e n s i t i v e  t o  very  small t empera ture  changes 
because t h e  case expansion or c o n t r a c t i o n  causes a load  change on t h e  
crystal .  The c r y s t a l  s e n s i t i v i t y  t o  temperature i s  . O l % b / O F .  Th i s  
should not be a s i g n i f i c a n t  problem dur ing  tes t  ope ra t ion .  
2. The n e t  f o r c e  t r a n s m i t t e d  t o  any p a i r  o f  load  cells w a s  s i g n i f i c a n t l y  
a f f e c t e d  by t h e  res t ra in t  t o  movement of t h e  i n n e r  bea r ing  housing caused 
by preload on t h e  p a i r  l o c a t e d  90° t o  t h e  p a i r  being loaded. Th i s  problem 
appears t o  be important because of t h e  uncec ta in ty  t h a t  t h e  pre loads  
w i l l  remain cons tan t  under test  cond i t ions  and t h e  f a c t  t h a t  change 
i n  pre load  can have a s i g n i f i c a n t  e f f e c t  on gage ou tpu t .  Seve ra l  
a l t e r n a t e  methods are be ing  cons idered  as a p o s s i b l e  s o l u t i o n .  
c o n s i s t  of removing t h e  i n a c t i v e  load  ce l l  of each p a i r  and r e p l a c i n g  
i t  with a member which w i l l  permit t a n g e n t i a l  movement of t h e  i n n e r  
bear ing  housing a t  t h e  po in t  of con tac t .  
3. When a f o r c e  waSwhpolied bo t h e  %nnerj*bear$ng hoqsing by t h e ' d e a d  
weights,  t h e  r ead ing  a t  t h e  upper load  cel l  w a s  cons iderably  below t h e  
reading  a t  t h e  lower load  ce l l .  Th i s  w a s  caused by d i s t o r t i o n s  i n  t h e  
inner  and o u t e r  bea r ing  housings and i s  of concern because of t h e  importance 
of d u p l i c a t i n g  tes t  cond i t ions  du r ing  in-p lace  s t a t i c  c a l i b r a t i o n  pro- 
cedures.  It  i s  thought t h a t  an improved a r b o r  through t h e  bea r ing  W i l l  
a l l e v i a t e  t h i s  problem. 
A l l  
C. Torque Measurement 
The torque  measuring s y s t e m  w a s  reworked and r e c a l i b r a t e d .  The 
18-toothed gears  for t h e  to rque  measuring s y s t e m  permit Only 17' of 
t w i s t  from zero  t o  f u l l  scale. The q u i l l - s h a f t  d iameter  i s  t o  be 
s e l e c t e d  for a g iven  set  of tes t  runs  to g ive  t h e  h i g h e s t  s e n s i t i v i t y  
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commensurate with t h e  maximum torque  t o  be measured. 
can be achieved by removing t e e t h  from t h e  gears  which provide t h e  output  
pu lses  t o  t h e  phase measuring c i r c u i t s .  
Extended range 
The e l e c t r o n i c  s y s t e m  w a s  c a l i b r a t e d  by mechanically s e t t i n g  a 
phase angle  between t h e  t w o  18  t e e t h  gears  mounted on a f i x t u r e  
a t t ached  d i r e c t l y  t o  the r i g  d r i v e  motor. Output readings  w e r e  t aken  
at  s e v e r a l  speeds up t o  15000 rpm. C a l i b r a t i o n  r e s u l t s  a r e  included 
i n  Figures  24-27. 
These curve$ permit determinat ion of t w i s t  as a func t ion  of phase 
meter reading.  Coupled with a c a l i b r a t i o n  of t h e  ind iv idua l  q u i l l  
s h a f t  ob ta ined  by applying var ious  loads and measuring t h e  r e s u l t i n g  
d e f l e c t i o n s  i t  i s  poss ib l e  t o  ob ta in  torque .  Q u i l l  s h a f t  load vs .  
d e f l e c t i o n  curves are included i n  Figure 32-37. 
D. Externa l  Scanning and Signal  Conditioning Equipment 
1. Switching Network 
I n  Figure 42 i s  shown t h e  o v e r a l l  scanning system which 
inc ludes  provis ion  f o r  s e l e c t i o n  of an in t e rmed ia t e  l e v e l  of s i g n a l  
cond i t ion ing  equipment (peak t o  peak and average l e v e l  d e t e c t o r  
and phase measuring equipment) i n  a d d i t i o n  t o  scanning of t h e  
convent ional  s i g n a l s  from pressure  t r ansduce r s ,  thermocouples, 
etc. ,  which can be f ed  d i r e c t l y  i n t o  t h e  e x i s t i n g  d i g i t a l  record ipg  
system. 
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The proposed method f o r  accomplishing the scanning procedure 
f o r  t hose  senso r s  f o r  which the in t e rmed ia t e  s igna l - cond i t ion ing  
equipment is  requ i r ed  i s  shown i n  F igure  43. The corresponding 
in s t rumen ta t ion  plmnes are shown i n  F igure  44. I t  i s  necessary  
t o  swi tch  each f o r c e  ce l l  i n t o  one of two charge a m p l i f i e r s  which 
conver t s  t h e  charge s i g n a l  t o  a vo l t age  p ropor t iona l  t o  dynamic 
load. These s i g n a l s  are d i r e c t e d  t o  e i t h e r  t h e  peak-to-peak 
d e t e c t o r  o r  t h e  phase measuring system. I t  i s  necessary  t o  swi tch  
t h e  output  of a p a i r  of displacement s enso r  ou tpu t  s i g n a l s  i n t o  
a summing network and thence  i n t o  e i ther  t h e  peak-to-peak o r  
average l e v e l  d e t e c t o r  o r  t h e  phase measuring system. P rov i s ion  
is made f o r  i n c l u d i n g  a t r a c k i n g  type  f i l t e r  i n  series w i t h  t h e  
peak d e t e c t o r  t o  e l i m i n a t e  a l l  but fundamental waves a t  t h e  s h a f t  
r o t a t i o n a l  frequency. 
The method of achiev ing  synchron iza t ion  wi th  t h e  d i g i t a l  
r eco rd ing  swi tch ing  s y s t e m  w i l l  be as fo l lows .  Two s e p a r a t e  
“decks” (100 2 pole  c&rcuhts per deck) w i l l  be r equ i r ed .  Any 
two s e q u e n t i a l  decks may be used but f o r  purposes of exp lana t ion  
t h e y  w i l l  be called 0 & 1. The switches normally used f o r  t h e  
low s i g n a l  i npu t  t o  t he  d i g i t a l  r e c o r d e r  w i l l  be used t o  provide  
synchroniza t ion  by connec t ing  a f 3 v o l t  s i g n a l  t o  t h e  ‘0 deck” 
swi tch  common and f eed ing  t h e  3 v o l t  s i g n a l  s e l e c t e d  by t h e  
scanning process  i n t o  t h e  a p p r o p r i a t e  s e l e c t i o n  c i r c u i t r y  and 
c o i l  d r i v i n g  network r e q u i r e d  t o  o b t a i n  the swi t ch ing  sequence. 
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This  system w i l l  provide synchronizat ion between t h e  d i g i t a l  
recorder  scanner and t h e  ex te rna l  relays shown i n  Figure 43. 
Only one pole  of t h e  d i g i t a l  recorder  scanner w i l l  be a v a i l a b l e  
f o r  s i g n a l  i npu t  on t h e  "0 deck" s i n c e  t h e  o t h e r  po le  i s  requi red  
t o  provide t h e  synchroniza t ion  f o r  t h e  e x t e r n a l  r e l a y s .  This  
means t h a t  a l l  s i g n a l  i npu t s  t o  t h e  "0 deck" w i l l  be s i u g l e  
ended. 
A l l  output  s i g n a l s  from the  peak-to-peak and average l e v e l  
d e t e c t o r s  and t h e  phase measuring system w i l l  be f ed  i n t o  t h e  
"high" s i d e  of t h e  "0 deck". 
i n t o  t h e  high and low s i d e s  of t h e  "1 deck". This  technique 
w i l l  make i t  poss ib l e  t o  use t h e  range change c a p a b i l i t i e s  of t h e  
e x i s t i n g  d i g i t a l  recorder  and w i l l  provide synchroniza t ion  f o r  
up t o  a t o t a l  of 100 s e p a r a t e  measurements. 
A l l  o t h e r  s i g n a l s  w i l l  be f e d  
The d i g i t a l  recorder  i s  located i n  Bui lding 309 and t h e  
t es t  r i g  and e x t e r n a l  switching c i r c u i t s  and peak t o  peak and 
average l e v e l  d e t e c t o r s  and phase measuring equipment w i l l  be 
loca t ed  i n  t h e  con t ro l  room of Building 314. A 350 f t .  t ransmiss ion  
l i n e  (Belden 8773) w i l l  be required t o  connect t h e  two l o c a t i o n s .  
2. Peak t o  Peak Detector  
Figure 4 5  shows a t y p i c a l  s i g n a l  from a p a i r  of displacement 
s enso r s  o r  a f o r c e  load c e l l .  The func t ion  of t h e  peak-to-peak 
d e t e c t o r  i s  t o  provide a d.c.  vo l t age  0-1OV f u l l  s c a l e  propor t iona l  
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t o  Vp when Vp v a r i e s  from 0-10 v o l t s .  Re jec t ion  of d.c. vo l t age  
w i l l  be achieved by a coupl ing  condenser and l e v e l  w i l l  t hen  be 
s h i f t e d  so t h a t  ou tput  of peak-to-peak d e t e c t e r  w i l l  be p ropor t iona l  
t o  peak s i g n a l  vo l t age .  
Frequency range of fundamental wave w i l l  be from 20'- 500 CpS. 
,The t r a c k i n g  f i l t e r  p rovides  a 20.5 K c  s i g n a l  frequency output  
p ropor t iona l  i n  amplitude t o  t h e  fundamental of t h e  i n p u t  (20 - 500 Cps) 
s i g n a l .  
Func t iona l ly ,  t h e  peak-to-peak d e t e c t o r  i s  composed of two 
p a r t s  a l e v e l  s h i f t e r  and a l e v e l  conve r t e r .  The l e v e l  s h i f t e r  
conve r t s  t h e  c a p a c i t o r  coupled inpu t  waveform from a symmetrical 
v a r i a t i o n  about 0 v o l t s  t o  a s imilar  wave wi th  t h e  nega t ive  
peak co inc id ing  with 0 v o l t s .  The l e v e l  conve r t e r  changes t h e  
ze ro  t o  peak v o l t s  i n t o  a p r o p o r t i o n a l  d.c. l e v e l .  Included 
with t h e  l e v e l  s h i f t e r  c i r c u i t y  i s  p r o v i s i o n  f o r  i n t e r m i t t e n t  
s h o r t  c i r c u i t y  (one per  channel) of t h e  i n p u t  du r ing  au tomat ic  
scanning t o  prevent channel i n t e r e f e r e n c e .  
Due t o  t h e  u n c e r t a i n t i e s  concerning t h e  d i s t o r t i o n  of i npu t  
waveforms t h e  t r a c k i n g  f i l t e r  r e q u i r e d  f o r  phase measurements 
w i l l  be used wi th  t h e  peak d e t e c t o r  t o  provide  a cons tan t -  
frequency, 20.5-kc pure s i n c e  waves p r o p o r t i o n a l  t o  amplitude 
of fundamental component of i n p u t  s i g n a l .  I f  t h i s  s y s t e m  i n c r e a s e s  
measurement e r r o r s  due t o  n o n l i n e a r i t y  i n  t h e  f i l t e r ,  t h e  f i l t e r  
w i l l  be bypassed and s i g n a l s  w i l l  be f e d  d y r e c t l y  i n t o  t h e  peak 
d e t e c t o r .  
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3. Average Level Detector  
Measurement of abso lu t e  p o s i t i o n  with r e spec t  t o  0 v o l t s  
of s i n c e  wave ( V d c ,  F igure  44)  w i l l  be accomplished wi th  the 
ave rage leve l .  d e t e c t o r .  A d.c. ou tput  vo l t age  from 0 t o  + 10 V 
proportdonal  t o  avoragelaof s i n e  wave input  0 t b  + 10 V w i l P  be 
generated by t h e  ' c i r c u i t  w h i c h  i s  a fjalter w i t h ,  80 dbfoctave 
a t t e n u a t i o n  and a t i m e  constant  which w i l l  l i m i t  scanning speed 
t o  1 channel per  second. 
- 
- 
E: Displacement Sensor Summing C i r c u i t  
Displacement sensore  c o n s i s t i n g  of J3ently-Nevada Corporat ion 
H1084 probes,  D152 and D252R d e t e c t o r s  are mounted i n  opposed p a i r s  
i n  t h e  test r i g  t o  provide a continuous i n d i c a t i o n  of r e l a t i v e  s h a f t  
p o s i t i o n  wi th in  t h e  bear ing  housing. The use  of opposed p a i r s  of 
probes i s  based on t h e  f a c t  t h a t  thermal expansion and o t h e r  f a c t o r s  
which cause symmetrical movement between t h e  test  s h a f t  and bear ing  
housing can be cance l led  i n  t h e  measuring c i r c u i t  and only  t h a t  p a r t  
of t h e  s i g n a l  due t o  r e l a t i v e  movement of the  s h a f t  w i th in  t h e  bear ing  
housing w i l l  appear as an output  s i g n a l .  I n  o r d e r  f o r  t h i s  technique 
t o  be success fu l ,  i t  i s  necessary t h a t  both probes i n  a given p a i r  
have i d e n t i c a l  s e n s i t i v i t i e s  i n  terms of  vo l t age  change pe r  u n i t  
d i s t a n c e  change. Practical cons idera t ions  make i t  necessary  a l s o  t o  
have a n e a r l y  cons tan t  d.c. output a t  i n i t i a l  condi t ions  f o r  t h e  probe 
p a i r .  
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Figure  46 i s  a g raph ica l  r e p r e s e n t a t i o n  of t h e  ad jus tments  
r equ i r ed  f o r  a s i n g l e  p a i r  of displacement s ens ing  probes and d e t e c t o r s .  
A s t a t i c  c a l i b r a t i o n  w i l l  be conducted t o  determine t h e  v o l t s / u n i t  
d i s t ance  r e l a t i o n s h i p  f o r  each probe-detector assembly i n d i v i d u a l l y .  
Adjustments t o  s i g n a l  l e v e l  and s l o p e  of c a l i b r a t i o n  curve can be 
made by means of t h e  d e t e c t o r  and by mechanical p o s i t i o n i n g  of t h e  
probe assembly r e l a t i v e  t o  t h e  test  s h a f t .  However, i t  w i l l  be 
necessary t o  inc lude  p rov i s ion  f o r  changing t h e  s l o p e  of t h e  C a l i -  
b r a t i o n  curve as shown i n  F igure  46 so t h a t  t h e  s l o p e s  may be matched 
p r e c i s e l y  i n  t h e  combining c i r c u i t s .  Once t h e  s lopes  have been 
matched, t h e  symmetrical e f f e c t s  d i scussed  p rev ious ly  w i l l  be e l imina ted  
from t h e  output  s i g n a l .  
Typica l  i npu t  s i g n a l s  t o  summing c i r c u i t  from d e t e c t o r s  w i l l  be 
6 - 1OV v o l t s  with a s l o p e  of 0.4 v o l t s  per  m i l .  Input r e s i s t o r s  w i l l  
be capable of cont inuous ly  vary ing  t h i s  s l o p e  from 0.9 t o  1 t o  10 t o  
1 and w i l l  c o n s i s t  of mu l t i - t u rn  w i r e  wound poten t iometers  wi th  a 
t u r n  count ing  d i a l  f o r  a c c u r a t e  p o s i t i o n i n g .  A b i a s i n g  c i r c u i t  
i s  r equ i r ed  t o  permit s e t t i n g  an a b s o l u t e  output  l e v e l  ( ze ro )  for 
a given s h a f t  p o s i t i o n  due t o  t h e  f a c t  t h a t  t h e  mechanical ze ro  cannot 
be set dur ing  i n i t i a l  s e t u p  and c a l i b r a t i o n .  The a m p l i f i e r  and 
a s s o c i a t e d  power supply has been des igned  f o r  maximum long  t e r m  
s t a b i l i t y  and r e l i a b i l i t y  s i n c e  c a l i b r a t i o n  of probe assembl ies  cannot 
be accomplished a t  f r equen t  i n t e r v a l s  due t o  complex disassembly 
procedures. 
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111. TEST FACILITY PREPARATION 
The c o n t r o l  room of Building 314 i s  p r e s e n t l y  being renovated 
t o  accept t h e  h igh  speed test r i g  and t h e  m a j o r i t y  of i t s  a s s o c i a t e d  
equipment (Reference 1). A l l  services inc lud ing  domestic water, 
d ra inage ,  i n s t rumen ta t ion  and both 208 and 110 v o l t  e lectr ical  
power have been i n s t a l l e d .  The t e s t  r i g  suppor t  s t , ruc ture  has  been 
f i x e d  i n  p o s i t i o n  and a w a l l  has  been cons t ruc t ed  surrounding t h e  
t e s t i n g  area. Completion of t h e  tes t  f a c i l i t y  is p r e s e n t l y  scheduled 
du r ing  t h e  month of August. 
The h igh  frequency power supply system has  been completed. 
T h i s  i nc ludes  overhaul  ope ra t ions  of t h e  Ward-Leonard M. G. set 
l o c a t e d  i n  Bui ld ing  309, and both t h e  high frequency power cab le  
and t h e  c o n t r o l  w i r ing  f o r  remote o p e r a t i o n  of t h e  aforementioned 
M. G. set from Bui ld ing  314. The power console f o r  t h i s  system 
a l s o  has  been completed, see Figures 47-49. G. E. Apparatus Se rv ice  
Shop personnel c leaned  and i n t e r n a l l y  re-connected t h e  wir ing  o f  
t h e  test r i g ’ s  f i f t e e n  horsepower d r i v e  motor and subsequently 
matched i t  wi th  t h e  M. G. set f o r  optimum performance. Checkout 
o f  t h i  s system i n d i  cat es  exce l  l e n t  s t a r t i n g  char act e r i  s t  i cs , ample 
horsepower and a speed range  of 7500 t o  30,000 rpm. 
Both t h e  o p e r a t i o n a l  con t ro l  pane l  f o r  t h e  test r i g  and t h e  
d i s t i l l e d  water loop  package have been completed, see Figures  
50-53. These components have been i n s t a l l e d  and connected t o  t h e  
b u i l d i n g  s e r v i c e s .  In te rconnec t ion  between t h e  test r i g  and t h e  
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d i s t i l l e d  water loop system has  begun. 
of t h e  in s t rumen ta t ion  i s  scheduled dur ing  August. 
Completion of t h e  above and c a l i b r a t i o n  
Completion of t h e  d i g i t a l  d a t a  l i n k  between Bui ld ings  309 and 314 was 
delayed because of extended d e l i v e r y  of s u i t a b l e  cable ,*  (Reference 1). 
Delivery was achieved dur ing  t h e  l a t t e r  p o r t i o n  of J u l y ,  r e s u l t i n g  i n  
t h e  overhead conduit  r u n  be ing  completed and t h e  cab le  having been pu l l ed .  
Connection of t h e  cab le  t o  t h e  d i g i t a l  pa tch  work boards i n  t h e  t es t  ce l l  
and subsequently t o  t h e  d i g i t a l  d a t a  r e c o r d e r  i n  Bui ld ing  309 s t i l l  r e q a i n s  
t o  be f i n i s h e d  and checked o u t .  The scheduled completion d a t e  f o r  t h i s  
p o r t i o n  of t h e  f a c i l i t y  p repa ra t ions  i s  August 31, 1966, r e f e r e n c e  Figure 54. 
* Beldon Cable S/N 8773 
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TABLE I 
INSTRUMENTATION A.M) EQUIPMENT LIST 
N a m e  
1; D i f f e r e n t i a l  V o l t m e t e r  
2. S ing le  Channel Recorder 
-
I 
I 3. Proximity Probe 
4 .  Proximity Detector  
5. Power Supply 
6 .  Dial-A-Volt 
7 .  Accutron T r a n s i s t o r  Amplif ier  
8. E l e c t r o j e t  Ca r t r idges  





14 .  
15. 
16.  
17 .  
Linear  chek Gage C a l i b r a t o r  
Sundstrand Bench Centers  
L e i t z  Op t i ca l  Stage 
Osc i l loscope  
Osci 110s cope 
Os ci 110s cope 
Phase Meter 
D i f f e r e n t i a l  Comparator 
Scope C a m e r a  
18. Balance Machine 











592301 19  
BC 6"x36" 







87 1 A  
20. Charge Amplif ier  504 
Manufacturer 
John Fluke Co. 
Honeywell Corp. 
Bent ly  Nevada 
Bently Nevada 
6 
Harrison &ab. Inc. 
General Res is tance  Inc.  
S h e f f i e l d  Corp. 
S h e f f i e l d  Corp. 
S h e f f i e l d  Corp. 
Sundstrand Machine Tool 
Opto-Metric Tools  Inc.  
Tekt ronix  Corp. 
Tekt ronix  Corp. 
Be ckman 
Technology I n s t .  Corp. 
Tekt ronix  Corp. 
Dumont 
Micro Balancing I nc. 
John Fluke Co. 





21. P i e z o e l e c t r i c  Force Trans.  
22. Accelerometers 
23. Cathode Follower 
24. Power Supply 
25. Power Supply 
26. Wave form Generator 
27. Scope Indica tor  
28. Temperature Recorder 
(Speedomax G )  
29. Speed Counter 
30. Power Supply (dc)  
31. Carrier Demodulator 
32, O s c i l l a t e r  Pre-Amplifier 
33. Pressure  Transducer6 
34. Turbine Flowmeter 
35. Power Supply 
36. Power Supply 
37. U n i v e r s a l  Microalignment- 
te lescope  
38. Right Angle Eye P iece  















1 OC15 1 OA 
C1580 
C280M 
1 1 2 /6 37. 
40. Telescope Lamphouse Assy 11 2 /638 
41. Heat Exchanger 4810 
42. F i l t e r  (20 Ihicron) 55B10D- 3/4 
43. 3 Way A i r  Operated Valves (4" )  3 "- 3 way 
Manufacturer 




Tekt ronix  Inc. 
Tekt ronix  Inc. 
Takt ronix  Inc.  




Fiaher  and Portor Co . 
Pace Engineering 
Fiaher  and Por to r  Co, 
L q b d a  
Lambda 
Rank Taylor  Hobson Inc.  
Rank T a y l o r  Hobson Inc.  
Rank Taylor  Hobson Inc.  
Rank T a y l o r  Hobson Inc.  
Hel i f low Corp. 
Commercial F i l t e r s  Inc.  
Taylor  I n s t .  Corp. 
I 44.  Lin-E-Aire Control Valve 
45.  80 g a l .  Hot Water Heater 
46 .  Water Pump-Lube Supply 







Taylor I n s t .  Corp. 
G. E .  Company 
Robbins and Meyers Inc. 
Robbins and Meyers Inc. 
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TABLE I1 
THREE (3 )  LOBED BEARING INSPECTION SUMMARY 
P/N 4012000-796 P1 REV D 
Actual  ( i n )  
Condition S p e c i f i c a t i o n  ( i n )  P t  #1 Pt  #2 
D i a m e t e r  of Lobes 1.2600 
Roundness of Lobes W/in 0.000050 
Diameter of 0. D. 2.5001 - 2.5004 
Roundness of 0. D. W/in 0.000050 
Taper of Lobes W/in 0.0002 
(Axi a1 l y  ) 
Tolerance of LOC. W/in 0.000050 
Coordinates 
Surface F in ish ,  I .  D. 





0 e 000050 0.0000 50 
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TABLE I11 






































































































































































































Dial Di a1 Fluke 
Avg . Avg . Setting 


































































Fluke Dial Di a1 Fluke 
Avg . Volts Setting 
2 343 4.15 2.338 
2.196 2 197 3.9 
3.65 2.067 2,068 






* A l l  angular settings established within - + 0'4'. 
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TABLE I V  
EFFECT OF WATER ON PROBE OUTPUT AS A FUNCTION 
OF GAP SETTING FOR PROBE MEASURING SYSTEM NO. 5 
Probe t o  N e t  
Sha f t  ou tput  out put Change N e t  
Gap Dry W e t  ou t  put Change* 
M i l s  vo 1 t s Vol ts  M i l l i v o l t s  Microinches 
6 -4.683 -4.678 5 12.4 
8 -5.470 -5.451 19 47.6 
10  -6.273 -6.243 30 75.0 
12  -7.111 -7.063 48 120.0 
14 -7 0 975 -7.918 57 142.4 
Probe : Bently Nevada H1084, S/N 15292 
De tec to r  Driver':  Bently Nevada D152, S / N  3451 
Power Supply : Harr i son  Lab 802 B a t  17.5V 
Output Meter: Fluke 871A 
Gap Measured wi th  S h e f f i e l d  E l e c t r o j e t  Gage C a r t r i d g e  
*Based upon a nominal s e n s i t i v i t y  of 400 mv/mil. I n  a c t u a l  o p e r a t i o n  
probes  a re  used i n  p a i r s  w i th  a nominal s e n s i t i v i t y  of 1.0 v o l t s / m i l .  
N e t  change due t o  water i s  i n  oppos i t e  d i r e c t i o n s  f o r  each  probe, 
t h e r e b y  d iminish ing  t h e  e f f e c t  f o r  t h e  summed p a i r .  
The in t ended  probe-to-shaft  probe s e t t i n g  du r ing  t e s t i n g  w i l l  be a 
nominal 0.010 i n .  
-33- 
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ring Upper : 
I 
Screw & a i -  
Threads / _ _  
I 
~ B e a r i n g  Pad 
iner Pins i - 
\ . .  
Lower B e a r i n g  Lower 
S e a l  P l a t e  I 
I- 
Figure 4. Self-Aligning Pivoted Pad Bearing Seal Plates. 
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Pad Re ta in ing  Pin  Por 
.---- _I.- --l_l._ 
Bearing 
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Surf ace 
Reduced Sec t  ions of Pads 
t o  Decrease Pad Weight 
- 
I ' l ' 1 ' 1  l N C W e b  y ' \ ' \ ' \ ' \  1 
--- __ 
S t r a i g h t  and/or Tapered 







Pin Por t  
F igu re  5. Self-Aligning Pivoted Pad Bearing-Pads. 
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Pivot Pin (Mat'l: Stellite #3) Locating Pin (Mat'l: 316SST) ' 
- 
7 Spherical Surf ace 
Pivot Pin Washer (Mat'l: 316SS) Contacting Disc (Mat'l: Stellite #3) 
I 
Figure 6. Self-Aligning Pivoted Pad Bearing Components. 
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Figure 9. Indi-Ron Inspection Traces of Three Lobed Bearing - PT #l. 
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Figure  14. Modified Upper Inner  Bear ing  Housing. 
\ 
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Figure 20. Micro Alignment Telescope and Mounting Assembly. 
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Figure 21. Micro Alignment Telescope and Mounting Assembly. 
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Duo-Dial Set t ing = 4.254 
RPM Data Code 
3,333 - 0 
9,999 - 0 
6,666 - 0 
13,332 - D 
16.665 - 0 
30,000 - n 
(Proportioned) 
Preset Angle, Degree 
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Duo-Dial Se t t i ng -4 .2  
RPM Code 
3 , 3 3 3  - 0 
9,999 - 0 
6,666 - 0 
1 3 , 3 3 2  - n 
16,665 - 0 
30,000 - 0 
(Pr opo r t i one d 
P r e s e t  Angle, Degree 





























I I I I 1 I S e t  Anhle D a t ,  
Torque Readout System Calibration-Ifonitor 2,75O 0 5.00' = 0 
15,00° = D 
lo.ooo = 0 
17.25O = 0 
n u n W A v n 
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I I I 
0 40 50 60 
Torque, Inch-Pounds J2009-6 
Figure 32. Torque Vs Angle of Twist Beryllium Copper Q u i l l  Shaf t  
Number 0.188-1. 
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Torque, Inch-Pounds J2009-9 
Figure 35. Torque Versus Angle of Twist Beryllium Copper Ouill Shaft 
Number 0.125-3. 
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Torque, Inch-Pounds J2009-IO 
Figure 36. Torque Versus Angle of Twist Beryllium Copper Quill S h a f t  
Number 0.125-4. 
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Figure 37. Torque Versus Angle of Twist Beryll ium Copper Q u i l l  Shaf t  
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Figure 44.  Hydrodynamic Journa l  Bearing T e s t  Rig Force And 
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Displacement Sensor S t a t i c  
C a l i b r a t i o n  Curves For a 
P a i r  of Opposed Bently 
Probes - Slope of Curves 
Must be  Equal i n  Magnitude 
and Opposite i n  Sign: a' = -b' 
4 Amplified S igna l  ,/ D152 De tec to r  
/ 
* I  
Unamplified S igna l  
D152 De tec to r  
/ Probe t o  Sha f t  Dis tance ,  Inch 
Curve S h i f t e d  by Changing 
Probe P o s i t i o n  
\ U n m p l i f i e d  S igna l  - - . .- 
D 252 R De tec to r  \ 
Amplified S igna l  
D 252 R De tec to r  
\ 
Figure 4 6 .  Adjustments Performed i n  Displacement Sensor 
Summing C i r c u i t s .  
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